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We have conducted a phenotypic screening in endothelial cells 
exposed to elevated extracellular glucose (an in vitro model of 
hyperglycemia) to identify compounds that prevent hyperglycemia- 
induced reactive oxygen species (ROS) formation without ad- 
versely affecting cell viability. From a focused library of > 6,000 
clinically used drug-like and pharmacologically active com- 
pounds, several classes of active compounds emerged, with a con- 
firmed hit rate of <0.5%. Follow-up studies focused on 
paroxetine, a clinically used antidepressant compound that has 
not been previously implicated in the context of hyperglycemia 
or diabetes. Paroxetine reduced hyperglycemia-induced mito- 
chondrial ROS formation, mitochondrial protein oxidation, and 
mitochondrial and nuclear DNA damage, without interfering with 
mitochondrial electron transport or cellular bioenergetics. The 
ability of paroxetine to improve hyperglycemic endothelial cell 
injury was unique among serotonin reuptake blockers and can be 
attributed to its antioxidant effect, which primarily resides within 
its sesamol moiety. Paroxetine maintained the ability of vascular 
rings to respond to the endothelium-dependent relaxant acetyl- 
choline, both during in vitro hyperglycemia and ex vivo, in a rat 
model of streptozotocin-induced diabetes. Thus, the current work 
identifies a novel pharmacological action of paroxetine as a pro- 
tector of endothelial cells against hyperglycemic injury and raises 
the potential of repurposing of this drug for the experimental 
therapy of diabetic cardiovascular complications. Diabetes 
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Phenotypic screening, cell-based screening, or 
high-content screening approaches can be used 
to identify compounds that affect complex cell 
functions without a priori invoking of a specific 
molecular pathway (1-6). This approach can be used ef- 
fectively for the repurposing of clinically used therapeutics 
(1-8). Using a cell-based screening in endothelial cells 
subjected to elevated extracellular glucose concentration 
(an in vitro model of hyperglycemia), we have tested a fo- 
cused library of clinical drugs and drug-like molecules to 
identify compounds with an ability to protect endothelial 
cells from elevated glucose-induced reactive oxygen spe- 
cies (ROS) production. The rationale of focusing on these 
classes of compounds is that this approach can facilitate 
the accelerated translation (repurposing) of existing 
compounds for potential future clinical therapy. We have 
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foUowed-up one selected compound, paroxetine, for in 
vitro and in vivo models of hyperglycemic endothelial cell 
dysfunction and diabetic vascular dysfunction. 

RESEARCH DESIGN AND METHODS 

Cell culture. bEnd.3 murine and EA.hy926 human endothelial cells were obtained 
from ATCC and maintained in Dulbecco's modified Eagle's medium (DMEM) 
containing 1 g/L glucose supplemented with 10% FBS, 1% nonessential amino 
acids, 100 lU/mL penicillin, and 100 fxg/mL streptomycin at 37°C in 10% CO2. 
Cell-based screening for inhibitors of the hyperglycemia-induced 
mitochondrial ROS production. bEnd.3 cells (20,000/well) were plated in- 
to 96-well tissue culture plates and were cultured for 24 h. Hyperglycemia (40 
mmol/L glucose) was initiated by replacing the culture medium with fresh 
DMEM containing 7.2 g/L glucose supplemented with 10% FBS, 1% nonessential 
amino acids, 100 lU/mL penicillin, and 100 jjig/mL streptomycin, and were 
cultured for 10 days before measuring the oxidant production. The medium 
was supplemented with pyruvate (10 mmol/L) after 4 days of exposure. Test 
compounds were tested at 3 fxmol/L final concentration (0.5% DMSO) in the 
culture medium. The Natural Products Library was screened at 1 fxg/mL final 
concentration. Compounds were administered in a volume of 10 jjlL (added to 
190 fxL medium in each well) on day 7 of exposure. 

EA.hy926 cells were used in a similar manner but were exposed to hy- 
perglycemia in medium 199 supplemented with 15% FBS, 4 mmol/L glutamine, 
7.5 U/mL heparin, 2.5 jjig/mL human endothelial cell growth factor, 2 ng/mL 
human epidermal growth factor, 100 lU/mL penicillin, and 100 jjig/mL strep- 
tomycin. 

After 10 days of exposure, the cells were loaded with mitochondrial su- 
peroxide sensor MitoSOX Red (2.5 fxmol/L) and DNA stain Hoechst 33342 (10 
|jLmol/L) for 25 min. Reading medium (PBS supplemented with 1 g/L glucose 
and 10% bovine growth serum) was added to the cells and the oxidation of 
MitoSOX Red was recorded kinetically (excitation/emission wavelengths [Ex/ 
EM]: 530/590 nm) on Synergy 2 (BioTek, Winooski, VT) at 37°C for 35 min as 
described (9). Vmax values were used as a measure of mitochondrial ROS 
production rate. The fluorescence of Hoechst 33342 (Ex/Em: 360/460 nm) was 
used to calculate the viability of the cells using a calibration curve created by 
serial dilution of bEnd.3 cells. In select experiments, test compounds were 
administered in 1/20 volume 3 h before the MitoSOX Red loading or imme- 
diately thereafter. ROS score (1 ROS score = 25% decrease of the average 
mitochondrial ROS production of hyperglycemic cells on test plate) and 
viability score (1 viability score = SD of the hyperglycemic cells on each test 
plate) was calculated to minimize interplate variability. 
Measurement of cytoplasmic ROS generation. After the hyperglycemic 
exposure, the cells were loaded with cell-permeable ROS indicator 5-(and-6)- 
chloromethyl-2',7'-dichlorodihydrofluorescein diacetate (CM-H2DCFDA; 10 
Ijumol/L) and DNA stain Hoechst 33342 (10 fxmol/L) for 25 min. Reading me- 
dium (PBS supplemented with 1 g/L glucose and 10% bovine growth serum) 
was added to the cells and the oxidation of CM-H2DCFDA was measured 
kinetically (Ex/Em: 485/528 nm) at 37°C for 35 min. ROS production is shown 
as Vmax values or percent values of Vmax values of control cells. The fluo- 
rescence of Hoechst 33342 (Ex/Em: 360/460 nm) was used to calculate 
the viability of the cells using a calibration curve created by serial dilution of 
bEnd.3 cells. 

In situ detection of ROS generation and oxidative damage. Cells were 
plated (50,000/well) into Laboratory-Tek II eight-well chamber slides and were 
treated with hyperglycemia and test compounds as described. After the hy- 
perglycemic exposure, the cells were washed with PBS and the cells were 
loaded with MitoSOX Red and Hoechst 33342 for 25 min. The cells were in- 
cubated in reading medium for 2 h, and then images were taken on an Eclipse 
80i fluorescent microscope (Nikon, Melville, NY). 

In a separate series of experiments, the cells were exposed to hyperglycemia 
and treated with compounds as described, and the cells were fixed in 4% 
buffered formalin. Then, the cells were probed with an antibody against 
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S-hydroxy-guanosine (1:200) overnight, followed by incubation with Alexa-546- 
labeled antimouse antibody and subsequent staining with nuclear stain Hoechst 
33342 and Alexa-488-phalloidin conjugate. Oxidative damage of nucleic acids 
was visualized on the Nikon Eclipse 80i microscope and images were taken as 
described. The red fluorescence (sum of intensity of every pixel) of individual 
cells was analyzed using NIS Elements Basic Research software package and 
shown as relative fluorescence. 

Mitochondrial ROS measurement in isolated mitochondria. Mitochondria 
were isolated from the livers of male Sprague-Dawley rats (225-250 g) as 
described (10). Mitochondria were centrifuged at 2,000^^ for 20 min at 4°C, 
then 50 fxL/well assay solution was supplemented with succinate, rotenone, 
ADP, and MitoSOX Red (final concentrations 10 mmolA., 2 fxmol/L, 4 mmol/L, 
and 1.25 fxmol/L, respectively), and the test compounds (10 jjiL/well) were 
added. The oxidation of MitoSOX was recorded kinetically (Ex/Em: 530/590 
nm) on Synergy 2 plate reader at 37°C for 35 min. Vmax values were used as 
a measure of mitochondrial ROS production rate. The functional integrity of 
the isolated mitochondria was confirmed on a Seahorse metabolic analyzer 
(10). 

Xanthine oxidase assay. Superoxide was generated by bovine xanthine 
oxidase (0.25 mU/mL) in 50 mmol/L potassium phosphate buffer (pH 7.5) 
containing 50 fxmol/L xanthine and 50 jjimol/L diethylenetriaminepentaacetic 
acid. Superoxide was measured kinetically at 37°C for 35 min on Synergy 2 
plate reader either by colorimetric detection (490 nm) using 40 fxmol/L 
nitrotetrazolium blue or by a fiuorescent method using MitoSOX Red (1.25 
fxmoLT.; Ex/Em: 530/590 nm) and 1 jjig/mL Hind III digest of X DNA to increase 
the signal intensity. 

Detection of oxidative DNA and protein damage. DNA strand breaks in 
bEnd.3 cells exposed to hyperglycemia were detected with a single-cell gel 
electrophoresis using a commercially available Comet assay system (Trevigen) 
as described (9). Protein oxidation was measured in crude mitochondrial 
fraction prepared by lysing bEnd.3 cells exposed to hyperglycemia in lysis 
buffer comprising 50 mmol/L Tris-HCl, pH 7.4, 50 mmol/L sodium fluoride, 
5 mmoLT. sodium pyrophosphate, 1 mmoLT. EDTA, 250 mmol/L mannitol, and 
1% Triton X-100 supplemented with protease inhibitors. Nuclei were removed 
by centrifuging the samples at 300^^ and mitochondrial fraction was prepared 
from the supernatant by centrifuging at 12,000^^. The pellet was dissolved in 
RIPA buffer and protein concentration was measured by DC protein assay 
(BioRad, Hercules, CA); 2.5 fxg protein was processed using the OxyBlot 
Protein Oxidation Detection Kit. Samples were resolved on 4-12% Nupage Bis- 
Tris gel and blotted to nitrocellulose. 

Detection of oxidative damage of the mitochondrial DNA. Cells were 
exposed to hyperglycemia and were treated with paroxetine (10 jjimol/L) for 3 
days. The cells were lysed in 0.8% sarcosine, 20 mmol/L EDTA, 100 mmol/L 
Tris pH 8.0, and treated with RNase A and proteinase K. Phenol chloroform- 
extracted DNA samples (200 ng) were subjected to 8-oxoguanine DNA 
glycosylase (hOGGl; 2 units) digestion at 37°C for 1 h, followed by heat tn- 
activation (65°C, 15 min). An equal amount of DNA was incubated simulta- 
neously in the same buffer without the enzyme. The amplifiable amount of 
mitochondrial DNA was measured by real-time PCR using primers targeting 
the mitochondrial Tyr-tRNA coding region (forward primer: 5'-CACCTTAA- 
GACCTCTGGTAAAAAGA-3'; reverse primer: 5'-TGAGAATAATCAACGATTA- 
ATGAACA-3'), and the difference was calculated between the hOGGl-treated 
and untreated samples. 

Gene expression arrays. Total RNA was isolated from bEnd.3 cells exposed 
to hyperglycemia or normoglycemia for 7 days using TRIzol reagent 
according to the protocol provided by the manufacturer; 2 fxg RNA was 
treated with DNase (Epicentre) and reverse transcription was performed 
using High-Capacity cDNA Archive kit (Applied Biosystems) following the 
manufacturer's instructions; 1 jjig RNA was used according to the manu- 
facturer's protocol for gene expression measurements using the mouse mi- 
tochondrial energy real-time PCR array (SABiosciences) on CFX96 thermo 
cycler (Bio-Rad). 

Cellular ATP content measurement. ATP concentration was determined by 
the commercially available CellTiter-Glo Luminescent Cell Viability Assay 
(Promega, Madison, Wl). Cells were lysed in 100 jxL of CellTiter-Glo reagent 
and the luminescent signal was recorded for 1 second on a high-sensitivity 
luminometer. The assay is based on ATP requiring luciferen-oxyluciferin 
conversion mediated by a thermostable luciferase that generates a stable 
"glow-type" luminescent signal. ATP standard (dilution series) was used to 
calculate the cellular ATP amount. 

Extracellular flux analysis. The XF24 Analyzer (Seahorse Biosciences, 
Billerica, MA) was used to measure metabolic changes in bEnd.3 cells as 
previously described (10). The XF24 creates a transient 7-|xL chamber in 
a specialized microplate that allows real-time measurement of oxygen and 
proton concentration changes via specific fluorescent dyes and that calculates 
oxygen consumption rate (OCR) and extracellular acidification rate (ECAR), 
measures of mitochondrial respiration, and glycolytic activity. The proton 



production rate (PPR) similarly denotes the cellular acid production but as 
pmol/min, whereas ECAR is expressed as pH/min. After determining the basal 
OCR and ECAR values, oligomycin, carbonyl cyanide 4-(trifiuoromethoxy) 
phenylhydrazone (FCCP), and antimycin A were injected through the ports of 
the Seahorse Flux Pak cartridge to reach final concentrations of 1 fxg/mL, 0.3 
|jLmol/L, and 2 fxg/mL, respectively, to determine the amount of oxygen con- 
sumption linked to ATP production, the level of non-ATP-linked oxygen 
consumption (proton leak), and the maximal respiration capacity and the 
nonmitochondrial oxygen consumption. After the metabolic measurements, 
the cells were lysed in mammalian protein extraction reagent (M-PER) and 
protein content was determined using the bicinchoninic acid method (Pierce). 
The OCR and ECAR values were normalized to protein content and are shown 
as OCR or ECAR per protein. 

Vascular studies of in vitro hyperglycemia. Thoracic aortic rings from 
Sprague-Dawley rats were incubated for 48 h under normoglycemic (5 mmol/L) 
or hyperglycemic (30 mmol/L) conditions in DMEM in the presence or absence 
of 10 fxmol/L paroxetine, followed by the determination of acetylcholine- 
induced relaxations as described (9). 

Vascular studies of streptozotocin-induced diabetes. Diabetes in male 
Sprague-Dawley rats was induced with a single streptozotocin injection 
(60 mg/kg intraperitoneally in pH 4.5 citrate buffer). On day 14, animals were 
implanted with Alzet osmotic pumps filled with paroxetine (releasing a dose 
of 10 mg/kg per day) or vehicle. Rats were divided into groups as follows: 
vehicle-treated control rats (n = 10); paroxetine-treated control rats (n = 10); 
vehicle-treated streptozotocin diabetic rats (n = 10); and paroxetine-treated 
streptozotocin diabetic rats (n = 10). Mini-pumps were replaced at 2 weeks; 
28 days after the start of vehicle or paroxetine treatment, thoracic aor- 
tae were obtained and acetylcholine-induced relaxations were measured as 
described (9). 

Statistical analysis. Data are shown as mean ± SEM. One-way ANOVA and 
Tukey post hoc test were used to detect differences between groups. P < 0.05 
was considered statistically significant. 



RESULTS 

Cell-based screening for inhibitors of hyperglycemia- 
induced mitochondrial ROS production in endothelial 
cells. To induce enhanced mitochondrial ROS production 
in endothelial cells, we exposed bEnd.3 murine micro- 
vascular endothelial cells to hyperglycemia for various 
time periods. Extended hyperglycemic exposure pro- 
gressively increased the mitochondrial ROS generation 
after 10-14 days (Fig. lA-D). The enhanced ROS pro- 
duction was not associated with marked alterations in the 
expression level of genes related to the mitochondrial 
respiration and ATP production (Fig. IE, Supplementary 
Tables 1 and 2). 

By measuring the oxidation of MitoSOX in cultured 
bEnd.3 endothelial cells, we conducted cell-based screening 
to identify compounds that inhibit the mitochondrial ROS 
production induced by elevated extracellular glucose. We 
have tested a focused library consisting of 6,766 com- 
pounds, which included clinical stage drugs, biologically 
active compounds with defined pharmacological activity, 
and natural compounds (compound libraries tested in the 
primary screen are listed in Table 1). Compound exposure 
(3 jjimol/L) started on day 7 of the experiment. The mea- 
surement of mitochondrial ROS production was combined 
with cell viability measurements, performed in the same 
wells (Fig. 2). 

Both cellular ROS production and cell viability showed a 
Gaussian distribution, and the majority of the compounds 
did not affect mitochondrial ROS generation. Detailed 
results of the primary screen are shown (Supplementary 
Table 5). Compounds that decreased mitochondrial ROS 
production (ROS score >1) were in two categories: they 
either decreased the viability (viability score < — 1) or did 
not affect it. Cytotoxic compounds (i.e., compounds that 
simultaneously decreased ROS production and cell via- 
bility) were excluded from further analysis. The nontoxic 
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FIG. 1. Long-term hyperglycemia induces mitochondrial oxidant production in endothelial cells. A-D: bEnd.3 cells were exposed to hyperglycemia 
(high) or maintained in 5 mmol/L glucose (low) containing medium for 10 days or for the indicated time period, then the cells were loaded with 
superoxide sensor MitoSOX Red and Hoechst 33342. The oxidation of MitoSOX was recorded on kinetic reader; the maximum reaction rates 
(Vmax) (A^ and typical kinetic curves are shown (5). Micrographs of cells maintained in normoglycemic (C) or hyperglycemic (Z>) medium were 
taken 2 h after the superoxide sensor loading. E: Gene expression changes in bEnd.3 cells exposed to hyperglycemia for 7 days were analyzed with 
mitochondrial energy array. The gene symbols and relative expression (fold change) in hyperglycemic cells are shown compared with normogly- 
cemic cells (*P < 0.05). 



compounds that inhibited hyperglycemia-induced ROS 
production at 3 (xmol/L by >25% in the primary screen 
were retested in replicates at 10 [xmol/L using the same 
assay. Results of the hit confirmation assay are summa- 
rized (Supplementary Table 3). Compounds whose activity 
on ROS production was confirmed in the secondary assay 



are listed in the Table 1. Hit molecules included steroids, 
nonsteroidal anti-infiammatory agents, microtubular ag- 
ents, mitochondrial uncouplers, and antimetabolites. Sta- 
tins, which previously have been shown to suppress 
hyperglycemic ROS production in endothelial cells (11,12), 
also inhibited ROS production in our experimental conditions; 
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TABLE 1 

Bioactive compound libraries and confirmed inhibitors of the hyperglycemia-induced mitochondrial ROS production 



Compound libraries 


Library 


Supplier 


Description 


Code 


Number of compounds 


NIH Clinical Collection 


BioFocus, South 
San Franciso, CA 


Phase I-III trial compounds 


B 


446 


FDA Approved Library 


Enzo Life Sciences, 
Farmingdale, NY 


FDA-approved bioactive 
compounds ^ 


F 


640 


Prestwick Chemical 


Prestwick Chemical, 
Washington, DC 


Marketed drugs in Europe 


P 


1,200 


US Drug Collection 
International Drug 
Collection 


MicroSource Discovery 
Systems, Gaylordsville, CT 


Clinical trial stage USP drugs 
Compounds marketed in Europe 
or Asia but not in the US 


U 
I 


1,040 
240 


Killer pi^^in^niiiii 










LOPAC^^^^^ 


Sigma-Aldrich, 
St. Louis, MO 


Various biologically active 
compounds 


L 


1,280 


± \J\^l. L!j\^l. CCl I 


Fllisvillp MO Hlfl 






_____ 1,120 


NFjitnyjil PT*orliir»t<s 

Ly<X\jKA.L<XL ± L\J\A.KA.\^\jij 


Newark, DE 


N[jitiiT*Jil r»omr»oiinrl<s 5inrl 

derivatives 


N 


640 


Name of hit compound 


CAS registry 
number 


Biological activity 


Compound 
source library 


Change in 
mitochondrial ROS 
production (%) 


Paroxetine 


61869-08-7 


Selective serotonin reuptake 
inhibitor 


F, U, P, L, B 


-50 ± 4 


Sirolimus 


^^■■123-88-9 


Immunosuppressant, uncoupler | 




-61 4 


Rottlerin 


82-08-6 


Uncoupling agent, PKC inhibitor 


N 


-35 ± 3 


Nocodazole 


31430-18-9 


Microtubular polymerization 


T 


-35 ± 3 


Colchicine 


64-86-8 


Microtubular polymerization 
inhibitor 


K, U 


-30 ± 5 


Glimepiride 


93479-97-1 


Sulfonylurea antidiabetic drug 


F 


-33 ± 2 


Flunarizine 


52468-60-7 


Calcium channel blocker 


U 


-31 ± 6 


Thioguanosine 


85-31-4 


Antimetabolite 


P 


-28 ± 0 


Tretinoin 


302-79-4 


Retinoid, used in acute leukemia 


U 


-29 ± 2 


Flunisolide 


3385-03-3 


Glucocorticoid 


U 


-25 ± 6 


Budesonide 


51333-22-3 


Glucocorticoid 


U, P,L 


-23 ± 4 


Flurandrenolide 


1524-88-5 


Glucocorticoid 


U 


-19 ± 4 


Methylprednisolone 


83-43-2 


Glucocorticoid 


P 


-17 ± 1 




Betamethasone 


378 44 9 


Glucocorticoid 


L 


-15 ± 6 



Hit compounds of the primary screening were retested in replicates at 10 (xmol/L final concentration in bEnd.3 cells using the same assay. 
Compounds that decreased the mitochondrial ROS production (by at least 10%) without affecting the cellular viability (induced <10% 
decrease in viability) are listed for their known biological activity. The change in ROS production is shown as percent value of 
total mitochondrial oxidant production of hyperglycemic cells. Data are shown as mean ± SEM. NIH, National Institutes of Health; FDA, 
Food and Drug Administration; US, United States; USP, United States Pharmacopeia; PKC, protein kinase C; LOPAC, LOPAC^^^^ Library of 
Pharmacologically Active Compounds. 



however, these effects also were associated with a sup- 
pression of cellular viability (Supplementary Fig. 1). 

From the multiple classes of pharmacologically active 
compounds identified from the screen, we have focused 
our subsequent studies on the clinically used antidepres- 
sant compound paroxetine. This compound (both its hy- 
drochloride and maleate salts, as present in different 
libraries) consistently reduced the mitochondrial ROS 
production in the screens and showed preference to in- 
hibit mitochondrial ROS production, as opposed to total 
cellular ROS generation (as measured by the DCFDA as- 
say) (Fig. 3). Paroxetine remained effective against the 
hyperglycemia-induced mitochondrial ROS generation 
in human endothelial cells (Fig. 3). The effect of par- 
oxetine involves an immediate mode of action, because 
it remained effective in shorter treatment schedules 
(Fig. 3) and did not affect the expression of any of the 
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mitochondrial genes studied during hyperglycemia (Sup- 
plementary Fig. 2, Supplementary Table 4). 
Paroxetine acts as a mitochondrial superoxide 
scavenger. To test whether the paroxetine-mediated de- 
crease in hyperglycemic ROS production is a result of in- 
hibition of the mitochondrial respiration and oxidative 
phosphorylation, we have characterized the metabolic 
profile of bEnd.3 cells exposed to hyperglycemia in the 
presence or absence of paroxetine using extracellular flux 
analysis. Elevated extracellular glucose increased the cel- 
lular oxygen consumption (an indicator of aerobic me- 
tabolism) with no change in the degree of acid production 
(Fig. 4). Elevated glucose caused an increase in the mito- 
chondrial potential (total respiratory capacity, measured 
in response to the uncoupling agent FCCP) in the absence 
of any detectable anaerobic compensation (Fig. 4B). 
Paroxetine did not affect the cellular ATP content or 
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FIG. 2. Cell-based screening for compounds that decrease the mitochondrial ROS production in endothelial cells. A: Timeline of the cell-based 
screening: bEnd.3 cells were exposed to hyperglycemia for 10 days with 3-day-long compound treatment (3 juimol/L). Mitochondrial ROS production 
was measured with the superoxide MitoSOX Red with simultaneous assessment of viability. B: Dot graph showing the individual ROS/viability 
results of the tested 6,766 compounds. Oxidant production data are shown as ROS score (1 ROS score = 25% decrease in ROS production compared 
with hyperglycemic average value) and viability values are plotted as percent values. The yellow area denotes the compounds that decreased the 
ROS production without marked reduction of cellular viability. Distribution of viability (C) and ROS (D) data (SD of viability = 24.69%, SD of ROS 
score = 0.717, or SD of ROS production = 17.93%). 
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FIG. 3. Paroxetine inhibits the mitochondrial oxidant production in endothelial cells. bEnd.3 murine {top panels^ and EA.hy926 human endothelial 
cells ^bottom panels^ were exposed to hyperglycemia for 10 days with 3-day-long (chronic) paroxetine treatment at the indicated concentration or 
immediately before the ROS measurement (acute). Mitochondrial ROS, viability, and cytoplasmic ROS production were measured with MitoSOX 
Red, Hoechst 33342, and CM-H2DCFDA (DCFDA), respectively, and are expressed as percent values compared with normoglycemic control cells 
(low). #P < 0.05 compared with normoglycemic control; *P < 0.05 compared with hyperglycemic cells. 



oxygen consumption (Fig. 4Z)), whereas it decreased mi- 
tochondrial superoxide generation (Fig. 

Because the action of paroxetine was rapid-onset and 
did not involve changes in gene expression, we next tested 
the activity of paroxetine on ROS production in isolated 
mitochondria. Paroxetine significantly reduced the de- 
tectable superoxide generation in the low micromolar 
range in isolated mitochondria (Fig. 4F), without affecting 
oxygen consumption rate (Supplementary Fig. 3). Next, 
we generated superoxide using the enzyme xanthine oxi- 
dase to test whether paroxetine directly interacts with 
superoxide. We used MitoSOX Red or nitroblue tetrazo- 
lium to measure the superoxide generation. Paroxetine 
reduced the superoxide signal in a dose-dependent manner 
in these cell-free systems (Fig. 4G, H). 

Paroxetine is reported to decompose under certain condi- 
tions to ^m?Z5-4-(4'-fiuorophenyl)3-hydroxymethyl)-piperidine, 
which involves the cleavage of the sesamol part (9). Both 
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trans-4-(4: ' -fluorophenyl)3-hydroxymethyl)-piperidine and 
sesamol decreased the mitochondrial ROS production 
by themselves, but sesamol was more potent than the 
piperidine compound. Sesamol significantly decreased 
the hyperglycemia-induced mitochondrial ROS genera- 
tion at 1 fxmol/L, and the combination of trans-4:-(4:' - 
fluorophenyl)3-hydroxymethyl)-piperidine potentiated 
the antioxidant activity of sesamol (Fig. 5A-D). Further 
decomposition of paroxetine can be attained by pho- 
tolysis that includes the cyclization of the piperidine 
compound. We degraded paroxetine in aqueous solution 
by ultraviolet irradiation and found that the partially de- 
graded paroxetine retained its activity to a certain extent, 
but the end products of the complete photolysis no longer 
showed an inhibitory effect on ROS production (Supple- 
mentary Fig. 4). 

To further elucidate whether the inhibitory function of 
paroxetine on the mitochondrial ROS generation depends 
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FIG. 4. The paroxetine-mediated mitochondrial antioxidant effect is not associated with perturbed cellular respiration. bEnd.3 cells were exposed 
to hyperglycemia (high) with or without paroxetine (PRX; 3 juimol/L for 3 days) treatment, and control cells were maintained in medium containing 
5 mmol/L glucose (low). A-C: Cellular metabolism was measured with the Seahorse metabolic analyzer. ATP -production linked OCR (A) and ECAR 
(5) were measured, followed by determination of the non-ATP-linked oxygen consumption (proton leak), maximal respiration capacity, and the 
nonmitochondrial oxygen consumption by adding oligomycin, FCCP, and antimycin A, respectively. The ATP production linked (basal) OCR values 
(C) and cellular ATP levels (Z>) are shown (*P < 0.05). E: Representative micrographs of b.END3 cells treated with paroxetine (PRX; 3 juimol/L) 
and loaded with MitoSOX Red. F: ROS production of isolated mitochondria was measured by the superoxide sensor MitoSOX Red in the presence of 
paroxetine at the indicated concentrations. Superoxide was generated by xanthine oxidase and detected by nitroblue tetrazolium (NBT) (G) or 
MitoSOX Red (^) in the presence of paroxetine at the indicated concentrations. *P < 0.05 compared with vehicle. 
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FIG. 5. The mitochondrial antioxidant property of paroxetine-related compounds. bEnd.3 cells were exposed to hyperglycemia (high) for 10 days 
and loaded with MitoSOX Red. A-Ci Paroxetine building blocks sesamol, fmfis-4-(4'-fluorophenyl)3-hydroxymethyl)-piperidine or their com- 
bination was added to the cells at the indicated concentrations immediately before the ROS measurement. D: Structure of paroxetine, trans-4:- 
(4'-fluorophenyl)3-hydroxymethyl)-piperidine and sesamol. The indicated serotonin or norepinephrine reuptake inhibitors were added to the cells 
3 h before MitoSOX loading at 10 juimol/L (£') or immediately before (F) the ROS measurement at 1 juimol/L. Mitochondrial ROS production is 
shown as Vmax value of MitoSOX oxidation. #P < 0.05 compared with normoglycemic cells (low); *P < 0.05 compared with hyperglycemic cells. (A 
high-quality color representation of this figure is available in the online issue.) 



on its antioxidant properties, we compared the effect of 
several serotonin reuptake inhibitors and substructures of 
paroxetine on hyperglycemic mitochondrial ROS pro- 
duction in bEnd.3 cells. None of the other serotonin 



reuptake inhibitor compounds (or norepinephrine reup- 
take inhibitors) tested affected the mitochondrial ROS 
production either in pretreatment or when acutely added 
to the cells (Fig. 5E, F). 
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Paroxetine prevents the hyperglycemia-induced oxi- cells by the OxyBlot technique, as evidenced by a 1.5-fold 

dative damage in vitro. To test whether paroxetine exerts increase in the level of oxidized proteins in the range of 

cytoprotective effects during hyperglycemia, we next de- 20-45 kDa; this effect also was attenuated by paroxetine 

termined the oxidative damage at DNA, RNA, and protein (Fig. 6D). 

levels. The bEnd.3 cells were exposed to hyperglycemia Paroxetine prevents the hyperglycemia-induced and 

with paroxetine treatment (10 [xmol/L for days 7-10 of the diabetes-induced endothelial dysfunction in vascular 

experiment). Hyperglycemia-mediated DNA fragmentation, rings. Isolated rat aortic rings exposed to hyperglycemia 
measured by the Comet assay, was attenuated by parox- ex vivo had development of endothelial dysfunction, as 
etine, indicative of the ability of paroxetine to attenuate the evidenced by an impaired relaxation in response to ace- 
downstream consequences of mitochondrial ROS pro- tylcholine (Fig. 7 A). Paroxetine attenuated the loss of 
duction (Fig. 6A, C). The formation of 8-hydroxy-guanosine endothelium-dependent relaxant responsiveness of the hy- 
(an indicator of oxidative damage to the RNA) also was perglycemic vessels. Next, we tested the ability of parox- 
detected in hyperglycemic cells, and it was reduced by etine to affect the development of endothelial dysfunction 
paroxetine (Fig. 65). The relative amount of (amplifiable) in streptzotocin diabetic rats. Paroxetine did not affect 
mitochondrial DNA was decreased from 1.02 ± 0.03 units to body weight and did not influence the degree of hypergly- 
0.63 ± 0.02 units by high glucose (P < 0.05), and it was cemia in the diabetic animals (Fig. 7B). However, the di- 
maintained at higher levels (0.76 ± 0.07) in the presence of abetes-induced impairment of the endothelium-dependent 
paroxetine (10 [xmol/L; n = 3). Oxidative damage of mito- relaxations ex vivo was prevented by paroxetine treatment 
chondrial proteins also was detectable in hyperglycemic (Fig. 7(7). 
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B low high 




PRX PRX 

FIG. 6. Paroxetine reduces hyperglycemia-induced oxidative damage in endothelial cells. bEnd.3 cells were exposed to hyperglycemia (high) or 
maintained in medium containing normal glucose (low) for 10 days and treated with paroxetine (PRX; 10 juimol/L) or vehicle (CTL) for 3 days. 
Representative micrographs and respective bar graphs of the Comet assay (A, Cy, 8-hydroxy-guanosine (red) immunostaining with simultaneous 
Hoechst 33342 (blue) nuclear and phalloidin (green) actin staining (5) are shown. D: Crude mitochondrial fractions were prepared and processed 
with OxyBlot Protein Oxidation Detection Kit. Representative blot image of oxidized proteins and densitometric analysis are shown. *P < 0.05 
compared with normoglycemic cells; #P < 0.05 compared with hyperglycemic cells. 
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FIG. 7. The protective effect of paroxetine in ex vivo vessels and in 
vivo. A: Rat thoracic aortic rings were exposed to 30 mmol/L hyper- 
glycemia (high) for 48 h or incubated in culture medium containing 
5 mmol/L ^ucose (low) and were treated with paroxetine (PRX; 10 (xmol/L) 
or vehicle. Endothelium-mediated relaxation to acetylcholine (Ach) was 
measured at the indicated concentrations of acetylcholine and expressed 
as percent of precontraction. B: Paroxetine treatment of streptozotocin- 
diabetic rats failed to affect hyperglycemia or body weight loss. C: Rat 
thoracic aortic rings prepared from streptozotocin-diabetic (STZ) or 
control nondiabetic (CTL) rats treated with vehicle or paroxetine (PRX; 
10 mg^ per day). Endothelium-mediated relaxation to acetylcholine 
was measured at the indicated concentrations of acetylcholine and ex- 
pressed as percent of precontraction. #P < 0.05 hyperglycemia/diabetes 
compared with normoglycemic samples (low); *P < 0.05 paroxetine 
treatment compared with hyperglycemia/diabetes. 



DISCUSSION 

ROS formation, from various cellular sources, has been 
implicated in the pathogenesis of diabetic endothelial 
dysfunction, which lays at the core of the pathogenesis of 
multiple diabetes complications (diabetic microvascular 
and macrovascular disease, retinopathy, nephropathy, and 



neuropathy) (13-15). Mitochondria represent one of the 
most important sources of ROS generation, which, in 
concert with other sources or ROS and reactive nitrogen 
species, exert deleterious effects via the initiation of 
posttranslational protein modifications and changes in 
gene transcription (14-16). Although there are a number of 
molecular sources of mitochondrial ROS generation (16), 
the site of hyperglycemic mitochondrial ROS generation is 
complex Ill/coenzyme Q (14,15,17-19). Some of the down- 
stream processes involved in the hyperglycemic endothelial 
ROS production include inhibition of GAPDH, the activation 
of protein kinase C isoforms, activation of the methylglyoxal 
pathway, activation of the hexosamine pathway, activation 
of the nuclear enzyme polyADP-ribose polymerase (PARP), 
DNA damage, and mitochondrial and extramitochondrial 
protein modifications (14-21). 

Significant efforts have been directed on the prevention 
of mitochondrial ROS formation, and to the inhibition of 
downstream pathways of hyperglycemic cellular damage. 
One of the approaches involved rebalancing the glycolytic 
pathway in hyperglycemic cells via pharmacological acti- 
vation of transketolase (22). Other approaches address the 
"root cause" of the problem, aiming at inhibition of hy- 
perglycemic mitochondrial ROS production, either by 
partial uncoupling of the mitochondria (17) or by reba- 
lancing the mitochondrial oxidant/antioxidant balance by 
resupplying the endogenous gaseous mediator hydrogen 
sulfide (9). An additional approach involves antioxidant 
therapy with mitochondrially targeted ubiquinone (23). 

So far, no systematic approach has been conducted to 
survey a wide variety of drugs, drug-like molecules, and 
pharmacological agents for their potential ability to sup- 
press hyperglycemic mitochondrial ROS overproduction. 
Such a survey necessitated the development of a cell- 
based assay of hyperglycemic ROS production that is 
suitable for medium-throughput screening, and one that is 
coupled with the simultaneous evaluation of cell viability. 
Although cell-based screening assays in endothelial cells 
previously have been conducted, these assays were fo- 
cusing on other outcome variables, such as angiogenesis 
inhibitors (24,25). In addition, a handful of studies have 
conducted cell-based screening assays in nonendothelial 
cell systems, in order to identify cytoprotective agents 
(1,2,6,26-31). For the current screening campaign, we 
have used a cell-based, mechanism-agnostic approach, in 
which the only criteria were to identify compounds that 
inhibit hyperglycemia-induced ROS generation in such 
a way that does not interfere with cell viability. We gave 
preference to compounds that remain effective with 
a shorter onset of action and that work in a therapeutic 
regimen. The results of the screening and the subsequent 
hit confirmation have identified only a few compounds 
(<20 compounds from the >6,000 compound library) that 
met our criteria of significant inhibition of ROS pro- 
duction, without adversely affecting cell viability. Some of 
these compounds belong to the class of glucocorticoids 
and nonsteroidal anti-infiammatory compounds. To our 
knowledge, such a pharmacological effect has not yet been 
previously described in the literature. The molecular mode 
of action of rottlerin and sirolimus likely is related to 
uncoupling effects, whereas the mode of action for the 
microtubular polymerization inhibitors, the calcium an- 
tagonist fiunarizine and the antimetabolite thioguanosine, 
remains to be elucidated in further studies. 

For the current project, we have focused our inves- 
tigations on the characterization of paroxetine, a prototypical 
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and clinically widely used antidepressant agent. The chronic 
clinical utility of this compound makes this compound the- 
oretically amenable to potential clinical repurposing for 
the experimental therapy of diabetes complications. Char- 
acterization of additional serotonin reuptake inhibitors de- 
monstrated that paroxetine is unique as an inhibitor of 
hyperglycemic ROS production. The rapid onset of action 
and the lack of modulation of mitochondrial gene expression 
by paroxetine suggested a direct mode of action, which was 
characterized as an inhibitor of mitochondrial ROS pro- 
duction. The inhibition of MitoSOX oxidation, but the lack of 
inhibition of DCFDA oxidation, in the cell-based assays (Fig. 
3) suggest that the mode of paroxetine may be at least par- 
tially preferential to mitochondrial sources of ROS, although 
the inhibition of the xantine-oxidase-derived ROS pro- 
duction suggests that paroxetine also may affect cytosolic 
ROS production as well. Further studies are required to 
further characterize the effects of paroxetine on the various 
ROS-producing enzyme systems in the various subcellular 
compartments. Partial and complete decomposition studies 
demonstrated that the primary site of the antioxidant action 
resides within the sesamol moiety of the compound. The 
effects of paroxetine were not associated with any adverse 
changes in mitochondrial electron transport or mitochondrial 
function. Although mitochondrial fragmentation and mito- 
chondrial fission are known to contribute to hyperglycemic 
mitochondrial ROS production (32), under the current ex- 
perimental conditions paroxetine did not affect these pro- 
cesses (D.G., C.S., unpublished observations). 

In accordance with its inhibitory effect on mitochondrial 
ROS production, paroxetine inhibited a variety of down- 
stream responses that are typically associated with hy- 
perglycemic ROS production in endothelial cells, such as 
indices of mitochondrial oxidative protein injury, as well 
as injury to the mitochondrial and nuclear DNA (9,14-22). 
The protective effect of paroxetine also was apparent 
against the development of hyperglycemic endothelial 
dysfunction in vascular rings, both in an in vitro model 
(vascular rings placed in elevated extracellular glucose 
concentration, followed by the measurement of endothelium- 
dependent relaxations) and in an ex vivo model. These re- 
ductionist models should be followed-up by testing paroxetine 
in more chronic and more clinically relevant models of 
diabetic neuropathy, nephropathy, cardiomyopathy, and 
retinopathy. 

In conclusion, the current studies have used a cell-based 
screening method to identify a number of drugs and drug- 
like molecules that beneficially affect hyperglycemic ROS 
production in endothelial cells. One of these compounds, 
the antidepressant paroxetine, has been tested in a variety 
of in vitro and in vivo/ex vivo models of hyperglycemic 
endothelial injury and diabetic vascular complications. It is 
interesting to note that paroxetine has been shown pre- 
viously to afford certain cardiovascular benefits in terms of 
protection from myocardial infarction in humans (33). The 
current results may lay the conceptual foundation for future 
exploratory clinical trials in patients with diabetes, with the 
potential ultimate goal of its repurposing for the experi- 
mental therapy of diabetes complications. However, such 
studies should be preceded by careful characterization of 
the safety profile of this compound in diabetic patients. 
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